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Abstract
A vigorous expansion of newly emerging application fields, including smart mobile electronics, 
power tools, (hybrid) electric vehicles, and grid-scale energy storage systems inspires the relentless 
pursuit of advanced rechargeable power sources with reliable/sustainable electrochemical 
performance and safety tolerance. Among the numerous power sources, undoubtedly, lithium-ion 
batteries (LIBs) are listed in the top tier and still garner considerable attention as an appealing 
electrochemical system to address the challenging issues.
A battery separator membrane is supposed to be electrically inert for preventing electrical 
contact (resulting in safety failures) between electrodes, in addition to its another key role as an ion-
conducting route. Here, as a multifunctional membrane strategy to break up the stereotypical belief 
about battery separators, we demonstrate a new class of Janus-faced, dual (ion/electron)-
conductive/chemically-active (i.e., heavy metal ion-chelating) battery separators based on elaborately-
designed heterolayered nanomat architecture. The Janus-faced, heterolayered nanomat separators 
(referred to as “Janus separators”) are fabricated through the in-series, concurrent 
electrospraying/electrospinning process. The Janus separator is composed of an ion-conductive/metal 
ion-chelating support layer (= a mat of densely-packed, thiol-functionalized silica particles spatially 
besieged by polyvinylpyrrolidone (PVP)/polyacrylonitrile (PAN) nanofibers) and a dual-conductive 
top layer (= a thin mat of polyetherimide (PEI) nanofibers wrapped with multi-walled carbon 
nanotubes (MWNTs)). The support layer acts as a chemical trap that can capture heavy metal ions 
dissolved in liquid electrolytes and the thin top layer serves as an upper current collector of cathodes 
to facilitate redox reaction kinetics. Notably, the unusual porous structure (specifically, preferential 
deposition of the MWNTs along the PEI nanofibers) of the top layer is theoretically elucidated using 
molecular dynamics simulation. As a consequence, the Janus separator enables significant 
improvements in the fast-rate charge/discharge reaction of lithium-ion batteries and also high-
temperature cycling performance, which lie far beyond those achievable with conventional 
polyethylene separators. The Janus separator featuring such exceptional multifunctionality is 
envisioned to open a new membrane solution for high-energy/high-performance lithium-ion batteries 
that will power forthcoming smart ubiquitous era.
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1CHAPTER I. INTRODUCTION
1.1. Principle of lithium-ion batteries
Lithium-ion batteries have received considerable attention as the most popular energy storage 
system for a wide variety of portable electronic devices including smart mobile electronics, power 
tools, laptops, and digital cameras. They are also one of the most promising candidates as the large-
scale power source for electric vehicles (EVs) and emerging smart grid-scale energy storage systems 
(ESSs) because they have several important advantages including high energy density, no memory 
effect, long cycle life, and low self-discharging. Conventional LIBs consist of a carbon anode and a 
lithium metal oxide cathode with a polymer separator, an organic liquid electrolyte of lithium salt 
with an organic solvent mixture and metal foil or mesh current collector. Lithium is accommodated in 
a graphite host anode structure (denoted C6 for convenience because the maximum uptake of Li by 
graphite is one lithium per graphene unit, LiC6, at the top of charge), thereby avoiding dendrite 
formation, and in a LiCoO2 cathode structure at the end of discharge. During charge and discharge, 
lithium ions shuttle reversibly between two host structures, hence the name lithium-ion cell (Figure. 
1).1
2Figure 1. A schematic illustration of the working principles of a LixC6/Li1−xCoO2 lithium-ion cell.
31.2. Requirements for separators
Separators must be chemically and electrochemically stable to the electrolyte and electrode 
materials in lithium-ion batteries. During fully discharged and charged of battery, separators should be 
inert under strong oxidizing and reducing conditions. The separator is placed between the cathode and 
the anode. In a lithium-ion battery, the indispensable function of the separator is to prevent the 
physical contact of electrodes while serving as the electrolyte reservoir to enable ionic transport. The 
separator does not entail directly in any electrochemical reactions, but its structure and properties play 
an important role in determining the battery performance, including cycle life, safety, energy density, 
and power density, through influencing the cell kinetics.
Several factors must be considered in selecting the best separator for a battery and application. 
The characteristics of each available separator must be weighed against the requirements and one 
selected that best fulfills these needs. A wide variety of properties are required of separators used in 
batteries. The general requirements for lithium-ion battery separators are also summarized in Table 
2.2-3
4Table 1. General Requirements for Lithium-ion Battery Separator.
5The liquid electrolyte wettability is an important property for battery separators since 
electrolyte absorption is required for ion transport. Separators must absorb and retain a significant 
amount of liquid electrolyte to achieve low internal resistance and high ionic conductivity. The fast 
absorption of the liquid electrolyte promotes the process of electrolyte filling during the battery 
assembly. The filling speed depends on the type of the materials, pore size, and porosity of the 
separators.
The mechanical properties of separators are characterized by the tensile strength and 
puncture strength in the machine direction (MD) and the transverse direction (TD). The separators 
must be strong enough to withstand the tension of winding operation during battery assembly.
Separators should also have high puncture strength to withstand the penetration of electrode materials. 
If particulate materials from the electrodes pass through the separator, electrical short circuit of the 
battery occurs.
Separators used in rechargeable batteries typically are 20-50 μm in thickness, but separators 
for most commercial lithium-ion batteries are in the range of 15-20 μm. Batteries with thin separators 
often have lower internal resistance, and exhibit high energy and power densities. However, thin 
separators may have adverse effects on the mechanical strength and safety. In addition, the uniformity 
of separator thickness plays a critical role in the stable and long cycle life of the batteries.
The pore size of separators is a key characteristic. The pores should be small enough to block 
the penetration of particles, including the electrode components such as active materials and 
conducting additives. The uniform distribution and tortuous structure of the pores contribute to the 
inhibition of dendritic lithium and prevent particles from penetrating the separators. Typically, a 
submicron pore size (less than 1 μm) is desirable for separators used in lithium-ion batteries.
Separators should have appropriate porosity to retain adequate liquid electrolyte so that the 
batteries can have sufficient ionic conductivity. If the porosity is too low, the internal resistance will 
be high because of insufficient liquid electrolyte between the two electrodes. However, if the porosity 
is too high, it adversely impacts the battery safety because it could cause low mechanical strength. In 
addition, separators with too high porosities tend to shrink when the temperature increases.3
Currently, most widely used separators in commercial lithium-ion batteries are manufactured 
from polyolefins, predominantly polyethylene (PE) or polypropylene (PP). These polyolefin 
separators have many advantageous attributes suitable for practical use in lithium-ion batteries, 
however, their poor thermal stability, low porosity, and insufficient electrolyte wettability. Many 
attempts have been undertaken to overcome these shortcomings of conventional polyolefin separators.
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BATTERIES
2.1. Introduction
The ever-increasing demand for electric vehicles (EVs), stationary energy storage systems 
(ESSs), and portable smart electronics inspires the relentless pursuit of advanced rechargeable power 
sources with reliable/sustainable electrochemical performance and safety tolerance.4-5 Among the 
numerous power sources reported to date, undoubtedly, lithium-ion batteries (LIBs)6-7 are listed in the 
top tier and still garner considerable attention as an appealing electrochemical system to address the 
aforementioned challenging issues.
Previous studies on LIBs have been mostly devoted to the design and synthesis of new
electrochemically active materials such as electrodes and electrolytes.8-9 Considering that battery 
performance is basically determined by the transport of electrons and ions, separator membranes, 
along with electrodes and electrolytes, should not be underestimated. A separator membrane offers 
ion-conducting routes between electrodes and also electronically isolates the electrodes to prevent 
internal short-circuit failure, which eventually results in cell fire or explosion. Currently, polyolefin-
based porous separator membranes have been widely employed in LIBs. Despite their widespread 
popularity, polyolefin separators have intrinsic limitations with respect to the porous structure and 
thermal/mechanical stability. Numerous approaches have been adopted to overcome these problems, 
with a particular focus on thermal tolerance,10-11 including ceramic-coated polyolefin separators, 
nonwoven-based separators, and nanofiber separators.
During repeated charge/discharge reactions in cells, heavy metal ions (e.g., manganese 
(Mn2+), nickel (Ni2+), and cobalt (Co2+) ions) tend to get dissolved from lithium metal oxide cathode 
materials.12-14 Such metal dissolution becomes more prominent at elevated temperatures. The metal 
ions dissolved in liquid electrolytes migrate to the anode materials via separator membranes and are 
then electrochemically reduced to heavy metals. Such metal deposition on the anode materials, along 
with metal dissolution-induced structural disruption of the cathode materials, gives rise to serious 
degradation of capacity during charge/discharge cycles. To suppress this unwanted behavior, 
enormous efforts have been devoted predominantly to the synthesis and modification of cathodes and 
electrolytes.15-16
Meanwhile, the fact that the dissolved metal ions pass through (electrolyte-filled) porous 
channels of separator membranes has stimulated us to develop functional separator membranes 
capable of trapping the heavy metal ions. However, only a few studies17-18 reported the use of 
separator membranes, most of which were focused on the high-temperature cycle performance of 
7LiMn2O4 cathodes. As previously described, a battery separator should be an electrical insulator to 
prevent internal short-circuit failure between electrodes. Contrary to such a conventional belief, 
rendering a separator membrane electronically conductive may bring unexplored electrochemical 
properties to cells. Specifically, an electron-conductive layer is introduced on top of a separator 
membrane, thereby facilitating electron transport of electrodes in close contact with the separator 
membrane. This so-called “upper current collector” concept has been reported for lithium-sulfur 
batteries as a polysulfide-trapping conductive interlayer.19 The conductive interlayers of lithium-sulfur 
batteries were exploited to suppress the dissolution of lithium polysulfides. However, their porous 
structure was not sufficiently well defined to allow facile ion transport, and they did not possess 
chemically-active functional groups. In many cases, the conductive interlayers exist as a self-standing 
film with an appreciable thickness, resulting in the loss of volumetric/gravimetric energy density in 
cells.
Herein, we demonstrate a new class of Janus-faced, dual (ion/electron)-
conductive/chemically active (i.e., heavy metal ion-chelating) battery separators based on an 
elaborately-designed heterolayered nanofiber mat architecture as a multifunctional membrane strategy. 
The Janus-faced, heterolayered nanofiber mat separator (referred to as a “Janus separator”) is 
fabricated using a concurrent electrospraying/electrospinning technique.20-22 The Janus separator 
consists of an ion-conductive/metal-ion-chelating support layer (a mat of densely packed, thiol (-SH)-
functionalized silica (denoted as “SH-silica”) particles spatially besieged by polyvinylpyrrolidone 
(PVP)/polyacrylonitrile (PAN) nanofibers) and an ion/electron-conductive top layer (a thin mat of 
polyetherimide (PEI) nanofibers wrapped with multi-walled carbon nanotubes (MWNTs)). The 
support layer provides ion-conducting routes via electrolyte-filled interstitial voids formed between 
the packed silica particles and acts as a chemical trap to capture dissolved heavy metal ions. The top 
layer serves as an upper current collector of cathodes to boost electron transport toward the through-
thickness direction of cathodes without impairing ion transport. Notably, the top layer microstructure, 
where MWNTs were preferentially deposited along the PEI nanofibers, was theoretically investigated 
via molecular dynamics (MD) simulation. Benefiting from such material/structural uniqueness, the 
Janus separators are anticipated to enable exceptional improvements in membrane properties and cell 
performances far beyond those achievable with conventional battery separators.
82.2. Experimental
2.2.1. Structural design and fabrication of the Janus separator
The Janus separator was fabricated through an in-series, concurrent electrospraying (for thiol-
functioalized silica or MWNTs)/electrospinning (for PVP/PAN or PEI) technique, followed by roll 
pressing. The SH-silica particles were synthesized by the sol-gel process using MPTMS as a precursor. 
The MWNTs (average length = 1.5 μm, diameter = 9.5 nm, and purity > 95%) were purchased from 
NANOCYL (Belgium). The MWNTs were dispersed in a water/isopropyl alcohol (IPA) (9/1 (w/w)) 
mixed solvent, wherein the PVP was used as a dispersing additive for the MWNTs. The PAN/PVP 
(1/1 (w/w), concentration = 20 wt%) solution was prepared by dissolving PAN (molecular weight = 
150,000 g mol-1) and PVP (molecular weight = 1,300,000 g mol-1) in DMF at 70 °C for 12 h. The 
PVP/PAN polymer blend solution and the SH-silica colloidal solution (5 wt% SH-silica in acetone/n-
butanol (7/3 (v/v))) were, respectively, subjected to concurrent electropraying and electrospinning 
through two different nozzles at room temperature. The detailed processing conditions were 8 kV with 
a feed rate of 3.5 μL min−1 (for the electrospinning) and 15 kV with a feed rate of 50 μL min−1 (for the 
electrospraying). After being roll-pressed, the 25 wt% PEI solution, which was prepared by dissolving 
the PEI (Ultem 1000) in a solvent mixture of dimethylacetamide (DMAc)/NMP = 1/1 (w/w), and the 
0.5 wt% MWNT solution were, respectively, subjected to concurrent electropraying (15.0 kV with a 
feed rate of 65 μL min−1) and electrospinning (9.0 kV with a feed rate of 5 μL min−1). After being roll-
pressed, the self-standing and flexible Janus-faced separator (thickness ~28 μm) was produced. A 
commercial PE separator (thickness ~20 μm, Tonen) was chosen as a control sample.
2.2.2. Modeling and simulation details
We modeled a zig-zag (10,0)@(10,0) MWNT with a diameter of 14.9 Å and a length of 42.6 
Å. The MWNT was located in the middle of a simulation box with a size of 75.0 × 75.0 × 42.6 Å3 and 
the principal axis is along the lateral direction of MWNT, which is periodic. The PEI and PAN were 
modeled to have similar molecular weights for appropriate comparison (i.e., 3 repeat units for the PEI, 
about 1,780 g mol-1 and 33 repeat units for the PAN, about 1,750 g mol-1). The most stable geometries 
of each polymer were then traced by an optimization method using stable conformational energy. To 
describe the MWNT embedded in the polymer matrix (PEI or PAN), a total of 46 molecules of each 
polymer unit were randomly packed into the remaining part of the simulation box. To elucidate the 
interaction between the MWNT and the polymer, the MD simulations were performed using the 
COMPASS forcefield.23-24 Initially, an MD simulation with NPT (i.e., isothermal-isobaric) ensemble 
was performed for 1 ns with a time step of 1 fs at atmospheric pressure and room temperature to 
equilibrate the bulk systems. After that, the surface system was constructed by removing half of the 
total polymer matrix from the bulk system. Subsequently, MD simulation with NVT (i.e., isothermal) 
9ensemble was performed for bulk and surface systems for 1 ns with a time step of 1 fs. For all MD 
simulations, the temperature was controlled with a Berendsen thermostat25 and the pressure was 
controlled with a Parrinello-Rahman barostat,26 which enabled anisotropic change of the shape of the 
simulation box. The Ewald scheme27-28 was used to treat the electrostatic interactions and the atom-
based cutoff of the van der Waals (vdW) interactions was set to be 15.5 Å. The interaction energy 
between the MWNT and the polymer was calculated as follows:
int total MWCNT polymerE E E ED = - -
where Etotal is the total energy of the MWNT-polymer system, EMWNT is the energy of the MWNT, and 
Epolymer is the energy of the polymer. In addition, the interaction energy ( intED ) can be deconvoluted 
into the non-bond interaction energies as follows:
int Coulomb vdWE E ED = D +D
where CoulombED is the energy contribution from coulombic interactions and vdWED is the energy 
contribution from vdW interactions.
2.2.3. Structural/physicochemical characterization of the Janus separator
The surface and cross-sectional morphologies of the Janus separator were analyzed with FE-
SEM (S-4800, Hitachi), EDS (JSM 6400,  JEOL) and a Gurley densometer (4110N, Gurley). The 
composition ratio of the Janus separator was determined from TGA measurements (SDT Q600, TA 
Instruments) at a heating rate of 10 °C min-1 under an air atmosphere. The electrolyte wettability of 
the Janus separator was quantitatively estimated by measuring the electrolyte immersion height. The 
thermal shrinkage of the Janus separator was evaluated by measuring its (area-based) dimensional 
change after exposure at 150 °C for 0.5 h. The amount of metallic Mn deposited on the lithium metal 
anode was analyzed by ICP-MS (ELAN DRC-II, Perkin Elmer). The structural change of the Janus 
separator surface before/after the high-temperature (60 °C) cycling test was analyzed using XPS 
(ThermoFisher) with focused monochromatized Al Kα radiation.
2.2.4. Electrochemical analysis of the Janus separator and its application to lithium-ion batteries
For the electrochemical analysis of the separators, a liquid electrolyte of 1 M LiPF6 in 
EC/DMC (1/1 (v/v), Soulbrain) was employed. The electrochemical stability window of the 
separators was measured by linear sweep voltammetry (LSV) performed on a working electrode of 
stainless steel and a counter/reference electrode of lithium metal at a scan rate of 1.0 mV s-1. The ion 
conductivity of the separators was obtained with an AC impedance analyzer (VSP classic, Bio-Logic) 
over a frequency range of 10-2 to 106 Hz. For the OCV drop measurement, the cell was pre-cycled 
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twice at a charge/discharge current density of 0.1 C, and then a fully charged cell at a current density 
of 0.2 C was monitored as a function of elapsed time. A pouch-type unit cell (width × length = 30 × 
40 (mm × mm)) was assembled by sandwiching a separator between an OLO cathode (OLO/carbon 
black/PVdF binder = 92/4/4 (w/w/w), areal mass loading = 7 and 13.5 mg cm-2) or a LNMO cathode 
(LNMO/carbon black/PVdF = 85/7.5/7.5 (w/w/w), areal mass loading = 4.5 mg cm-2) and a Li metal 
anode. It was then activated by filling the liquid electrolyte. The cell performance was investigated 
using a cycle tester (PNE Solution) at 25 and 60 °C under various charge/discharge conditions.
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2.3. Results and discussion
2.3.1. Fabrication and characterization of the flexible Janus separator
A schematic representation depicting the manufacturing procedure (based on the in-series, 
concurrent electrospraying/electrospinning technique) of the Janus separator is illustrated in Figure 2. 
The support layer was prepared by concurrent electrospraying (for SH-silica particles)/electrospinning 
(for PVP/PAN nanofiber skeletons). PVP is known to scavenge heavy metal ions owing to the 
presence of pyrrolidone groups having Lewis basicity;29-31 however, the electrospun PVP nanofiber 
mat easily lost its dimensional stability after being immersed in a liquid electrolyte (1M LiPF6 in 
ethylene carbonate (EC)/dimethyl carbonate (DMC) = 1/1 (v/v)) (Figure 3a). To resolve this problem, 
the PVP was mixed with PAN, which is chemically stable in the liquid electrolyte. The resultant 
PVP/PAN (1/1 (w/w)) blend was electrospun to produce a nanofiber mat (Figure 3b). Details on the 
optimum PVP/PAN ratio were reported in a previous study.20 In comparison with the pristine PVP 
nanofiber mat, the PVP/PAN nanofiber mat showed enhanced chemical stability against the liquid 
electrolyte. Meanwhile, SH-silica particles with a well-defined size (~1 mm) (Figure 3c) were 
synthesized through a sol-gel process using 3-mercaptopropyl trimethoxysilane (MPTMS)20, 32 as a 
precursor. Thiol groups are known to react with heavy metal ions via their lone-pair electron-mediated 
coordination bonds, leading to the formation of metal-thiol complexes.33-34 Specifically, the p-bonding 
between the metal and sulfur atoms allows the strong interaction in the metal-thiol complexes. Details 
on the chemical interaction between the Mn2+ ions and thiol groups were provided in the previous 
studies.35-37 The presence of thiol groups in the SH-silica was confirmed by energy dispersive X-ray 
spectroscopy (EDS) of elemental sulfur (S) (Figure 3d) and Fourier Transform Infrared Spectroscopy 
(FT-IR) characterizations (Figure 3e). In an effort to further exhibit structural stability of the SH-silica 
particles, the SH-silica particles were soaked into the high-temperature (set as 60 °C) electrolyte 
solution (1M LiPF6 in EC/DMC = 1/1 (v/v)) for 5 days. Then, structural change of the SH-silica 
particles was examined. No significant change in the spherical shape and the characteristic peaks of -
SH groups and Si-O-Si bonds was observed at the SH-silica particles even after exposure to the harsh 
storage condition (Figure 4). This result demonstrates the good structural/chemical stability of the SH-
silica particles.
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Figure 2. Fabrication and characterization of the self-standing/flexible Janus separator. a) 
Schematic representation depicting the manufacturing procedure (based on the in-series, concurrent 
electrospraying/electrospinning process) of the Janus separator. b) SEM image of the support layer (a 
mat of compactly packed SH-silica particles spatially besieged by PVP/PAN nanofiber skeleton) in 
the Janus separator. c) Photograph (upper side) and cross-sectional SEM images (bottom side) of the 
Janus separator. Insets are high-magnification SEM images of the top and support layer. d) SEM 
images (inset: high-magnification view) of the top layer (a thin mat of PEI nanofibers wrapped with 
MWNTs) in the Janus separator. e) Photograph and SEM images (insets) showing the mechanical 
flexibility of the Janus separator after crumpling/uncrumpling deformation. f) Peel-off test (using 
commercial Scotch tape) showing the structural integrity of the Janus separator.
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Figure 3. a) SEM image of the electrospun PVP nanofiber mat (inset shows the dimensional
disruption of the electrospun PVP nanofiber mat after being immersed in the liquid electrolyte (1 M 
LiPF6 in EC/DMC = 1/1 (v/v))). b) SEM image of the electrospun PVP/PAN nanofiber mat (inset 
shows the superior chemical stability against the liquid electrolyte). c) SEM image of the SH-silica 
particles (average size ~1 mm) (inset shows the chemical structure of SH-silica). d) EDS image of the 
SH-silica particles (yellow dots represent elemental sulfur (S)) e) FT-IR spectra of the SH-silica 
particles.
14
Figure 4. Structural characterization of the SH-silica particles before/after exposure to high-
temperature (60 oC) electrolyte solution (1M LiPF6 in EC/DMC = 1/1 (v/v)) for 5 days: (a) SEM 
image, (b) FT-IR spectra.
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On top of the as-prepared support layer, the thin PEI/MWNT mat was consecutively 
fabricated as a top layer via the concurrent electrospinning/electrospraying method. After hot-roll 
pressing (at 100 °C), a self-standing and flexible Janus separator was obtained (upper side of Figure 
2c). Unlike conventional battery separators that have homogeneous faces, the Janus separator 
possessed heterogeneous faces, i.e., a white face (support layer) and a black face (top layer). Cross-
sectional scanning electron microscopy (SEM) images of the Janus separator (bottom of Figure 2c) 
showed that the support layer (~25 mm) was seamlessly integrated with the top layer (~3 mm). Figure 
2b shows that the support layer is comprised densely packed SH-silica particles spatially besieged by 
the PVP/PAN nanofiber skeletons. The highly-reticulated interstitial voids formed between the SH-
silica particles are filled with liquid electrolytes, thus eventually making them ion-conducting 
channels. From TGA measurement (Figure 5a), the composition ratio of SH-silica/(PVP/PAN) in the 
support layer was estimated to be 58/42 (w/w). The morphological uniqueness of the top layer is 
depicted in Figure 2d. A number of PEI nanofibers, which were wrapped with the MWNTs, were 
piled up and randomly intercrossed. The composition ratio of PEI/MWNT in the top layer, which was 
determined by measuring the weight change before/after selective etching of PEI (using N-methyl-2-
pyrrolidinone (NMP) solvent), was found to be 59/41 (w/w) (Figure 5b).
The Janus separator showed excellence in mechanical flexibility. No structural disruption 
was observed after bending/twisting (Figure 6) or even crumpling (Figure 2e). Moreover, the 
compactly packed SH-silica particles and the PEI nanofiber networks were well preserved after 
deformation (insets of Figure 2e). To address concerns regarding structural integrity (particularly with 
respect to interfacial adhesion between the support and top layers), the Janus separator was subjected 
to a peel-off test using commercial Scotch tape. Neither detachment of any separator components nor 
structural disintegration was observed (Figure 2f), demonstrating that the in-series (i.e., the support 
layer à the top layer) electrospraying/electrospinning process, in association with hot-roll pressing, 
enabled the realization of a tightly adhered interface between the support and top layers.
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Figure 5. a) TGA thermograms of the support layer (a mat of compactly packed SH-silica particles 
spatially besieged by the PVP/PAN nanofiber skeleton) in the Janus separator. b) Photographs and the 
weight change of the top layer (a thin mat of PEI nanofibers wrapped with MWNTs) before/after 
selective etching of PEI using NMP solvent.
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Figure 6. Photographs showing the mechanical flexibility of the Janus separator upon being subjected 
to bending and twisting deformation.
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Based on the aforementioned structural characterization of the Janus separator, its membrane 
properties were investigated (Table 2). As already presented in Figure 2b-d, the Janus separator 
showed a highly-developed, micrometer-scaled porous structure in both the support and top layers. As 
a result, higher porosity and lower Gurley values (i.e., higher air permeability) compared with those of 
a commercial polyethylene (PE) separator (Figure 7) were attained for the Janus separator. The highly 
porous structure of the Janus separator afforded higher ionic conductivity (1.16 mS cm-1 vs 0.91 mS 
cm-1 for the PE separator) after being filled with the liquid electrolyte. Meanwhile, the top layer of the 
Janus separator exhibited good electronic conductivity (~ 4.93 S cm-1) owing to the MWNT networks 
preferentially deposited along the PEI nanofibers, in contrast to the electronically inert support layer. 
The electrochemical stability window of the Janus separator was analyzed using linear sweep 
voltammetry (LSV). No significant electrochemical decomposition was observed up to 4.7 V (vs 
Li/Li+), which appeared comparable to the results obtained for the PE separator (Figure 8a). In 
addition, a higher electrolyte-immersion height was observed for the Janus separator than for the PE 
separator (Figure 8b), indicating superior electrolyte wettability. In addition, no thermal shrinkage 
was observed for the Janus separator, even after exposure at 150 °C/0.5 h (Figure 8c).
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Thickness
[μm]
Porosity
[%]
Gurley value
[Sec 100cc air-1]
Ionic conductivity
[mS cm-1]
Electronic conductivity
[S cm-1]
PE separator ~ 20 ~ 45 250 0.91 -
Janus separator ~ 28 ~ 58 45 1.16
Top: 4.93
Support: -
Table 2. Comparison of the basic membrane properties between the Janus separator and the PE 
separator.
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Figure 7. SEM image of the commercial PE separator.
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Figure 8. Comparison of the basic membrane properties between the Janus separator and the PE 
separator. a) Electrochemical stability window (obtained from linear sweep voltammetry). b) 
Electrolyte wettability (determined by electrolyte-immersion height). c) Thermal shrinkage after 
exposure at 150 °C/0.5 h.
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2.3.2. A model study and theoretical comparison of the top layer
To enable the Janus separator to be electrochemically active, facile ion transport through its 
thickness direction should be secured. This requirement implies that the electron-conductive top layer 
(in addition to the support layer) of the Janus separator should have a well-developed porous structure 
(that will be filled with liquid electrolyte). To highlight the dual (i.e., ion/electron)-conduction of the 
PEI/MWNT top layer, a model study was implemented using the PE separator as a support layer. First, 
the MWNTs were solely electrosprayed on top of the PE separator. A large number of MWNTs were 
deposited on the PE separator (Figure 9a). However, after crumpling, serious detachment of the 
MWNTs was observed (Figure 9b). To overcome this problem, combining the MWNTs with a 
polymer was suggested. Here, PAN and PEI were chosen as representative polymer candidates. 
Figure 10a shows that the MWNTs were deposited preferentially along the PEI nanofibers. By 
contrast, for the PAN/MWNT case, the empty spaces formed between the PAN nanofibers were 
plugged with densely populated MWNTs (Figure 10b).
Such remarkable differences in the morphology between the two model separators is 
expected to affect cell performance. The coin-type cells (incorporating over-lithiated layered oxide 
(OLO, 0.49Li2MnO3·0.51LiNi0.37Co0.24Mn0.39O2) cathodes and Li metal anodes) were fabricated with 
the model separators, in which the polymer/MWNT top layers were in contact with the OLO cathode. 
The cells were charged at a constant current density of 0.2 C and discharged at various current 
densities ranging from 0.2 to 5.0 Cover a voltage range of 2.0−4.7 V (Figure 10c). At relatively low 
discharge C-rates (up to 0.5 C), no appreciable difference in the discharge capacity was observed 
between the separators. However, above a discharge current density of 1.0 C, the cell with the 
PEI/MWNT-coated PE separator presented a higher discharge capacity than the PAN/MWNT-coated 
PE separator, which became more pronounced at higher discharge current densities. Considering the 
insignificant difference in the electronic conductivity between the PEI/MWNT (4.93 S cm-1) and 
PAN/MWNT (4.88 S cm-1) coating layers, the superior discharge rate performance is attributed to fast 
ion conduction via the highly developed porous structure of the PEI/MWNT coating layer. In 
comparison, the PAN/MWNT coating layer having a dense structure acts as a blocking layer to ion 
conduction. Another notable finding was that the PEI/MWNT-coated PE separator provided a better 
discharge rate capability than the pristine PE separator. In general, the introduction of additional 
coating layers on polyolefin separators often gives rise to an increase in tortuous pathways of ion 
conduction compared with pristine PE separators, thereupon exerting a harmful influence on the 
charge/discharge rate performance of cells.38-39 The aforementioned anomalous behavior of the 
discharge rate capability demonstrates that the PEI/MWNT coating layer allows facile ion/electron 
transport as a well-designed porous upper current collector and thus boosts the redox reaction kinetics 
of cells, underscoring the importance of the top layer architecture in the Janus separator.
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Figure 9. a) SEM image of the MWNT layer deposited on the PE separator. b) Photograph showing 
the structural instability of the MWNT-deposited PE separator after being crumpled.
24
Figure 10. A model study of the top layer (PEI/MWNT vs PAN/MWNT) formed on the PE separator 
and theoretical comparison of the MWNT deposition behavior on the PEI and PAN. a) SEM image of 
the PEI/MWNT top layer (inset shows chemical structure of the PEI). b) SEM image of the 
PAN/MWNT top layer (inset shows chemical structure of the PAN). c) Discharge rate capability of 
the two model and PE separators, wherein coin-type cells (assembled with OLO cathode/separator/Li 
metal anode) were fabricated. The polymer/MWNT top layers were in contact with the OLO cathode.
d) Model systems of PEI/MWNT coating layer for bulk and surface. e) Model systems of 
PAN/MWNT coating layer for bulk and surface. f) Interaction energy profiles between the polymers 
(PEI vs PAN) and MWNT with respect to simulation time. g) Snapshots of atomistic configurations 
of the PEI (or PAN)/MWNT systems. The molecular fragments of the polymers adjacent to the 
MWNT surface within 4 Å were shown in ball-and-stick style. Cyan-colored atoms represent the 
carbon atoms of MWNT. The major interaction sites (i.e., dotted circles) of PEI (or PAN) with 
MWNTs are shown in the middle.
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To theoretically elucidate such a noticeable difference in the morphology of polymer (i.e., 
PEI or PAN)/MWNT coating layers, we performed MD simulations with a focus on the interaction 
strength between the polymers and MWNTs. Figure 10d-f shows the model systems of 
polymer/MWNTs and interaction energy profiles between the polymers and MWNTs for the bulk and 
surface systems (see ‘Modeling and simulation details’ in Experimental Section). The PEI/MWNT 
system exhibited a stronger affinity than the PAN/MWNT one and its favorable intermolecular 
interactions were ascribed to van der Waals (vdW) interactions (Table 3). In particular, a slight 
increase in the interaction energies for the PEI (surface) system was observed during the equilibration 
stage, indicating an increase in the interaction area by a wrapping motion of PEI on the MWNT 
surface. To provide more detailed information, the atomistic configurations of the PEI (or 
PAN)/MWNT systems were investigated (Figure 10e). The aromatic rings of PEI tended to align 
parallel to the MWNT surface because of strong intermolecular π–π stacking interactions. In contrast, 
for the PAN/MWNT coating layer case, there were only weak vdW interactions between the nitrile 
groups of the PAN and MWNT surfaces. This theoretical analysis verifies that the distinctive 
wrapping phenomenon is attributed to a substantial increase in the intermolecular interaction strength 
between PEI and MWNT via strong π–π stacking interactions.
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C oulombED vdWED in tED
(kcal mol-1) (kcal mol-1) (kcal mol-1)
PAN (surface) 0.0 -322.9 -322.9
PEI (surface) 0.0 -485.6 -485.6
PAN (bulk) 0.0 -738.3 -738.3
PEI (bulk) 0.0 -828.2 -828.2
Table 3. Averaged interaction energies and energy components of each MWNT-polymer (PEI or 
PAN) system obtained by MD simulation with NVT (i.e., isothermal) ensemble for 1 ns. 
C oulombED
is the coulombic energy component, 
vdWED is the van der Waals energy component, and in tED is 
the total interaction energy, which is the sum of the coulombic and van der Waals energy components.
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2.3.3. Effect of the Janus separator on cell performance and post-mortem analysis
We investigated the effect of the Janus separator on cell performance, wherein the OLO was 
chosen as a model cathode system. OLO materials have drawn much attention owing to their 
exceptionally high capacity, however, they suffer from low rate capability and also poor cycle 
performance.40-41 Pouch-type unit cells (width × length = 30 × 40 (mm × mm)) were assembled with 
the OLO cathodes (OLO/carbon black/PVdF = 92/4/4 (w/w/w), areal mass loading = 7 mg cm-2) and 
Li metal anodes. One concern about the electron-conductive top layer of the Janus separator may be 
the occurrence of current leakage between electrodes, resulting in a drop in the open-circuit voltage 
(OCV) with time. Figure 11a shows that no appreciable decline in the OCV profile was observed at 
the Janus separator, which appeared comparable to that of the PE separator.
The effect of separators on the discharge rate capability of cells was examined, where the 
cells were charged at a constant current density of 0.2 C (0.35 mA cm-2) and discharged at various 
current densities ranging from 0.2 to 10.0 Cover the voltage range of 2.0−4.7 V. The cell 
incorporating the Janus separator showed a higher discharge capacity (Figure 11b and Figure 12) than 
those with the PE separator and the SH-silica/(PVP/PAN) separator (the support layer of the Janus 
separator) over a wide range of discharge current densities, which became more pronounced as the 
discharge current density increased (Figure 11c). This result demonstrates that the electron-conductive 
PEI/MWNT top layer, in combination with its well-developed porous structure (ensuring good ion 
transport), enabled the Janus separator to present a synergistic beneficial effect on the discharge rate 
performance. To further verify this superior rate capability, we performed GITT (galvanostatic 
intermittent titration technique) measurements.22, 42 Notably, the Janus separator mitigated the increase 
in cell polarization upon repeated current stimuli (here, the current was repeatedly applied for 12 min 
at a current density of 1 C and an interruption time between pulses of 60 min) compared with the PE 
separator and the SH-silica/(PVP/PAN) separator (Figure 11d). This confirms the unusual combined 
effect of ion and electron transport in the Janus separator. The change in the internal cell resistance 
with the state of charge (SOC) and depth of discharge (DOD) is also summarized in Figure 11d 
(bottom).
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Figure 11. Effect of the Janus separator on cell performance, wherein pouch-type unit cells (width × 
length = 30 × 40 (mm × mm)) were assembled with OLO cathodes (OLO/carbon black/PVdF = 92/4/4 
(w/w/w), areal mass loading = 7 mg cm-2) and Li metal anodes. a) OCV profiles as a function of 
elapsed time. b) Comparison in the discharge profiles at a charge/discharge current density of 0.2 
C/5.0 C. c) Discharge rate capability over a wide range of discharge current densities at a fixed charge 
current density of 0.2 C. d) GITT profiles and the variation of internal cell resistance as a function of 
SOC and DOD. e) Cycling performance at a charge/discharge current density of 1.0 C/1.0 C. f) 
Discharge profiles of the high-mass loading cathode (areal mass loading = 13.5 mg cm-2).
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Figure 12. Discharge profiles of the cells as a function of discharge current density: a) Janus separator. 
b) SH-silica/(PVP/PAN) separator (the support layer of the Janus separator). c) PE separator.
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The effect of the Janus separator on the cycling performance of cells was investigated, where 
the cells were cycled between 2.0 and 4.7 V at a charge/discharge current density of 1.0 C/1.0 C. The 
Janus separator showed better capacity retention compared with the PE separator and the SH-
silica/(PVP/PAN) separator (Figure 11e). This demonstrates that the structural uniqueness (i.e., highly 
porous structure and electron-conducting layer) of the Janus separator contributes to facilitating the 
redox reaction during repeated cycling.
Certainly, there has been a huge surge in the demand for high-mass loading electrodes in 
LIBs, which allow an increase in the volumetric/gravimetric energy density of cells by the minimal 
use of current collectors and separator membranes.22, 43 However, the acquisition of reliable 
ion/electron transport in the through-thickness direction of electrodes poses a critical challenge with 
respect to the realization of high-mass loading electrodes. The PEI/MWNT top layer, which acts as an 
upper current collector with facile ion transport, is expected to improve the electrochemical 
performance of high-mass loading electrodes. Cells assembled with the high-mass loading (13.5 mg 
cm−2, as compared to 7 mg cm-2 shown in Figure 11a-e) OLO cathodes were fabricated and their 
discharge rate capability was investigated at a constant charge current density of 0.2 C. Figure 11f 
shows that the Janus separator presented larger discharge capacity and lower cell polarization at a 
discharge current density of 1.0 C compared with the PE separators. Notably, even at a faster 
discharge current density of 5.0 C, the cell with the Janus separator provided an appreciable level of 
discharge capacity (75 mAh g-1), whereas the cell incorporating the PE separator delivered a very low 
discharge capacity (~ 10 mAh g-1).
The Janus separator is also anticipated to improve the high-temperature (60 °C) cycle 
performance. The cell containing the Janus separator showed stable charge/discharge profiles up to 50 
cycles (Figure 13a). In comparison, the cell with the PE separator presented a sharp decay in the 
capacity and serious cell polarization after 50 cycles, resulting in a complete loss of electrochemical 
activity (Figure 13b). The capacity retention after 50 cycles was approximately 53% for the Janus 
separator and 0% for the PE separator (Figure 15a). Such superior capacity retention was verified by 
analyzing the variation in the AC impedance spectra of the cells before/after 50 cycles (Figure 14a). 
The cell with the Janus separator significantly suppressed growth of the cell impedance after 50 cycles 
(ZRe (50th cycle) - ZRe (1st cycle) = DZRe » 70 ohm), as compared to the cell with the PE separator 
(DZRe » 200 ohm). A proper equivalent circuit model44-45 was exploited to quantitatively analyze the 
cell impedance spectra. The growth of charge transfer resistance and the SEI resistance was 
suppressed at the Janus separator (Figure 14b).
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Figure 13. Charge/discharge profiles of the cells at high temperature (60 °C) as a function of cycle 
number: a) Janus separator. b) PE separator.
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Figure 14. a) Variation in the AC impedance spectra of the cells before/after 50 cycles (at 60 °C). b) 
Summary of the bulk resistance, surface resistance, and charge transfer resistance.
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Post-mortem analysis was undertaken to further elucidate the advantageous effects of the 
Janus separator on the high-temperature cycling performance, with a focus on the chelation of 
dissolved heavy metal ions (here, Mn2+). After the 60 °C cycling test, the cell was disassembled and 
its components were characterized. The OLO cathode assembled with the Janus separator showed a 
relatively clean surface (Figure 15b), whereas the OLO cathode combined with the PE separator was 
contaminated with a significant amount of byproducts (inset of Figure 15b). The byproducts formed 
on the OLO cathode surface were further characterized using X-ray photoelectron spectroscopy (XPS) 
F 1s spectra (Figure 15c). For the OLO cathode adjacent to the Janus separator, the intensity of the 
characteristic peak (at 684.4 eV) assigned to LiF45-46 was much weaker than that of the OLO cathode 
assembled with the PE separator. The LiF byproducts47-48 are known to be generated by side reactions 
between hydrofluoric acid (HF, produced from residual water-triggered decomposition of LiPF6
-
incorporating electrolytes) and Li+ ions.
As further evidence to verify the effect of the Janus separator, Mn deposition on the lithium 
metal anodes during high-temperature cycling was investigated. Analysis of inductively coupled 
plasma mass (ICP-MS) spectrometry results (Figure 15d) showed that the deposition of metallic Mn 
on the lithium metal anode was substantially mitigated at the Janus separator (17 ppm) compared with 
the PE separator (105 ppm). The harmful influence of Mn deposition on a lithium metal anode was 
quantitatively investigated in our previous study.20 In addition to the post-mortem analysis of the OLO 
cathode and the lithium metal anode described above, surface changes in the Janus separator were 
examined. The intensity of the XPS S 2p peaks (at 164 eV) ascribed to SH-silica substantially 
decreased after the high-temperature cycling test (Figure 15e), revealing the thiol group-driven 
formation of Mn(II) chelate complexes. Also, change in the microstructure of the Janus separator after 
the high-temperature cycling test was investigated (Figure 16). No appreciable disruptions or defects 
in the porous structure were observed at the Janus separator, which appeared similar to the 
morphology (Figure 2b, d) before the cycling. In contrast, the porous structure of the PE separator was 
partially contaminated with byproducts formed on the electrodes. This morphological comparison 
demonstrates the long-term structural and electrochemical stability of the Janus separator.
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Figure 15. High-temperature (60 °C) cycling performance of the cells (Janus vs PE separator) and 
their post-mortem analysis after 50 cycles. a) Comparison of capacity retention with cycling. b) SEM 
image of the OLO cathode surface assembled with the Janus separator, wherein the inset shows the 
OLO cathode surface assembled with the PE separator. c) XPS F 1s spectra of the OLO cathode 
surface. d) ICP-MS analysis showing the amount of metallic Mn deposited on the lithium metal anode. 
e) Intensity change in the XPS S 2p spectra of the Janus separator before/after the cycling test. f) 
High-temperature (55 °C) cycling performance of the cells incorporating the LNMO cathode (Janus 
vs PE separator).
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Figure 16. Microstructural comparison (focusing on porous morphology) of the Janus and PE 
separators after high-temperature (60 °C) cycling test: (a) Janus separator (top layer, adjacent to OLO 
cathode), wherein inset is a high-magnification image. (b) Janus separator (support layer, adjacent to 
Li metal anode). (c) PE separator (facing OLO cathode), wherein inset is a low-magnification image. 
(d) PE separator (facing Li metal anode), wherein inset is a low-magnification image.
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To provide more comprehensive information on the Mn2+-chelation of the Janus separator, 
the amount of Mn2+ ions trapped by each component of the Janus separator was systematically 
investigated using ICP-MS analysis (Figure 17). The SH-silica particles, PVP/PAN films, PEI films, 
and MWNT buckypapers were soaked in manganese perchlorate (Mn(ClO4)2) electrolyte solution
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(10 mM Mn(ClO4)2-containing 1.0 M LiPF6 in EC/DMC = 1/1 (v/v)), in which the PVP/PAN films 
and PEI films (instead of nanofiber mats) were prepared as a model system to avoid unwanted 
experimental errors arising from the porous structure of nanofiber mats. The amount (218 ppm) of 
Mn2+ ions captured by the SH-silica particles was found to be significantly larger than that (3 ppm) by 
similar-sized pure silica particles. In addition, the PVP/PAN film showed excellent Mn2+-chelating 
ability, which was approximately 30 times larger than that of the PAN film chosen. Meanwhile, no 
appreciable amount of Mn2+ ions was detected in the PEI films and MWNT buckypapers due to the 
absence of functional groups capable of capturing Mn2+ ions. These results verify that the SH-silica 
and PVP in the Janus separator play crucial roles in chelating the Mn2+ ions dissolved from OLO 
cathodes.
To explore the versatile applicability of the Janus separator, high-voltage spinel 
LiNi0.5Mn1.5O4 (LNMO) cathodes (LNMO/carbon black/PVdF = 85/7.5/7.5 (w/w/w), areal mass 
loading = 4.5 mg cm-2) were prepared and assembled with the Janus separator. One critical concern of 
the high-voltage LNMO cathodes is fading of capacity during high-temperature cycling.50-51 As 
expected, the cell with the PE separator showed a serious decay in the capacity with high-temperature 
(55 °C) cycling (Figure 15f and Figure 18). In comparison, a substantial improvement in the cycling 
performance was observed at the Janus separator, confirming that application of the Janus separator 
could be extended to LNMO cathodes.
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Figure 17. ICP-MS analysis showing the amount of Mn2+ ions trapped by the components of the 
Janus separator: a) SH-silica particles (vs pure silica particles). b) PVP/PAN film (vs PAN film). c) 
PEI films and MWNT buckypaper.
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Figure 18. Charge/discharge profiles of the cells incorporating the LNMO cathode at high 
temperature (55 °C) as a function of cycle number: a) Janus separator. b) PE separator.
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The exceptional synergistic effects of the Janus separator mentioned above are conceptually 
illustrated in Figure 19. The conventional PE separator is electronically/chemically inert, i.e., it 
simply offers ion-conducting channels and prevents electrical contact between electrodes. On the 
other hand, the Janus separator enables significant improvements in redox reaction kinetics and in 
Mn2+-chelation. The highly-porous PEI/MWNT top layer acts as an upper current collector to 
facilitate electron conduction of cathodes without impairing ion transport. In addition, the chemically-
active SH-silica/(PVP/PAN) support layer effectively captures dissolved Mn2+ ions in the form of 
Mn(II) chelate complexes.
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Figure 19. A conceptual illustration depicting the exceptional synergistic effects of the Janus 
separator. The highly-porous PEI/MWNT top layer acts as an upper current collector to facilitate the 
electron conduction of cathodes without impairing ion transport. The chemically-active SH-
silica/(PVP/PAN) support layer effectively captures the dissolved Mn2+ ions in the form of Mn(II) 
chelate complexes.
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2.4. Conclusion
In summary, we demonstrated the Janus-faced, dual (ion/electron)-conductive/chemically-
active (i.e., Mn2+-chelating) separator as an innovative membrane strategy to move beyond 
conventional polyolefin battery separators. The Janus separator was fabricated using the in-series, 
concurrent electrospraying/electrospinning process. A notable structural feature of the Janus separator 
was the elaborate combination of a top layer (a thin mat of ion/electron-conductive, MWNT-wrapped 
PEI nanofiber) and a support layer (a mat of compactly packed SH-silica particles spatially besieged 
by the PVP/PAN nanofiber skeleton). Notably, the well-designed porous structure of the top layer 
played a viable role as an upper current collector to expedite the redox kinetics of the OLO cathode. 
The distinctive deposition behavior of MWNTs along the PEI nanofibers was theoretically elucidated 
using MD simulation. The SH-silica particles and the PVP/PAN nanofiber exhibited a Mn2+-chelating 
ability, thus acting as chemical traps for Mn2+ ions in the liquid electrolyte-filled interstitial voids of 
the support layer. Consequently, the Janus separator enabled significant improvements in the fast-rate 
charge/discharge reaction and the high-temperature (60 °C) cycling performance, which lie far beyond 
those attainable with conventional PE separators. The advantageous effects of the Janus separator 
were also observed at the high-mass loading OLO cathode and the LNMO cathode, confirming its 
electrochemical effectiveness and application versatility. The Janus separator presented herein opens a 
new horizon for battery separator membranes, which have so far remained electronically/chemically 
inert, and thus holds great promise as an advanced separator to facilitate the development of next-
generation high-energy/high-performance batteries in urgent need for an upcoming mobile energy era.
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